Marine sediment core MD012394 from the Vietnam coastal upwelling area in the western South China Sea was investigated in order to reconstruct the last Quaternary monsoon upwelling based on planktic foraminifer fauna assemblages and fauna-based sea surface temperature (SST) estimates. The age model of core MD012394 was constructed using oxygen isotope stratigraphy of the planktic foraminifer G. sacculifer, with 10 accelerator mass spectrometry (AMS) 14 C dating of planktic foraminifers from the sediment samples. Our studies on the relative and absolute abundances of planktic foraminifer assemblages reveal eight dominant species in core MD012394: N. dutertrei + N. pachyderma (right coiling), G. ruber, G. glutinata, G. sacculifer, P. obliquiloculata, G. menardii + G. tumida, G. calida, and G. inflata. In a Q-mode factor analysis of the fauna abundance data, the fauna factors show variations that do not parallel the glacial/interglacial changes throughout the last 135 kyr. The relative abundance patterns of G. inflata and N. dutertrei (including N. pachyderma-R) are interpreted as hydrographic proxies for East Asian summer and winter monsoon, respectively, in the current study. We calculated the fluctuations in the SST using the Revised Analog Method (RAM) in MD012394 and found that the abundance changes of the summer monsoon upwelling indicator G. inflata were similar and nearly synchronous. This suggests that the summer monsoon-driven upwelling signal was strong near the local summer insolation maximum, which induced low SSTs, particular around~11, 33, 59, and 83 kya. Our studies support the view that the strengths of both summer insolation and the East Asian summer monsoon have determined the relative abundance of planktic foraminifers and the SSTs in the western SCS during the last 135 kyr.
INTRODUCTION
The South China Sea (SCS) is located between the Asian continent and the western Pacific warm pool and is one of the largest marginal seas along the western rim of the Pacific Ocean. The marine environment and climatic variations in the SCS are strongly affected by East Asian monsoons. The southwest (summer) monsoon lasts from June to September, whereas the stronger northeast (winter) monsoon prevails from November to March. Due to the thermal differences (different potential heating) between the Asian continent and the Pacific Ocean, the effects of the East Asian summer and winter monsoonal forcing are principal factors controlling the SCS surface hydrography and circulation. The monsoonal winds generate a seasonal reversal of the SCS surface currents. To a more regional extent, variations of the East Asian monsoon signatures in the SCS are well expressed in ocean responses to changes in the seasonal migrations of the Intertropical Convergence Zone (ITCZ). Cold-dry East Asian winter monsoons are strongest during the Northern Hemisphere winter when the Terr. Atmos. Ocean. Sci., Vol. 19, No. 4, 347-362, August 2008 doi: 10.3319/TAO.2008 ITCZ is in its southernmost position, whereas the warmhumid East Asian summer monsoons are strongest during the summer when the ITCZ is in its northernmost position (Wyrtki 1966 (Wyrtki , 1977 . Previous studies of the East Asian monsoon reconstruction based on western Pacific marine cores and terrestrial sediments (Chinese loess, stalagmite) concentrated on using stable isotope d
18
O (Johnson et al. 2006) , magnetic susceptibility An et al. 2000 An et al. , 2006 Porter 2001) , clay minerals (Liu et al. 2003) , planktic foraminifer and coccolith assemblages (Beaufort et al. 2003; Chen et al. 2005) , and micro-charcoal/pollen (Beaufort et al. 2003; Kershaw et al. 2003) . Most previous reconstructions have shown that the East Asian winter monsoon has usually prevailed in the glacial stages and the summer monsoon reaches its maximum strength in most interglacial stages. Despite the glacial-interglacial contrast of the East Asian winter and summer monsoons, few studies have determined the precise strength and timing of the East Asian summer monsoon. Therefore, the pattern of East Asian monsoon variability, especially of the summer component, still requires more investigation of additional temporal and spatial scales.
The western SCS is a critical region for studying the summer component of the East Asian monsoon system because the sea surface temperature (SST), surface chlorophyll maximum, and primary production in this region are sensitive to changes in summer monsoon-driven upwelling (Fig. 1) . Several records of the low-resolution planktic foraminifer assemblage analysis from the summer coastal upwelling region have been reported (Jian et al. 2001; Huang et al. 2002) . Although ice-volume forcing appears to be the primary forcing that is driving the hydrographic changes observed in the low-resolution records, the precise strength and timing of the monsoon variations are difficult to resolve due to the resolution limit of the records. Thus, high-resolution proxy records on orbital to sub-orbital scales are necessary for better reconstruction of monsoon variation in past glacial and interglacial stages.
In this study, we present a high-resolution reconstruction of monsoon variations based on a high sedimentation rate IMAGES (International Marine Global Change Study) core (MD012394), taken from the western SCS, near the Vietnam margins and close to the modern summer upwelling center. The core from this site recovers a complete sequence of a high sedimentation rate (> 15 cm kyr -1 ) and hemipelagic sediments of the past~280 kyr, and thus is ideal for constructing the history of the monsoon upwelling on orbital to sub-orbital time scales over the last glacial and interglacial stages. To investigate the East Asian monsoon variations recorded in the core sediments. We present preliminary data of planktic foraminifer fauna assemblages and fauna-based SST estimates of the past~135 kyr, which covers the last glacial and interglacial cycles of MIS (Marine Isotope Stage) 1 -5, which is intended to reconstruct high-resolution hydrographic variations in the modern summer monsoon prevailing region. We concentrate on (1) documenting high-resolution variations in the planktic foraminifer assemblages of the past 135 kyr in the western SCS; (2) applying and comparing multiple transfer function or analogue approaches for reconstructing SSTs; and (3) identifying possible mechanisms controlling the strength and timing of the East Asian summer/winter monsoon in the western SCS during the MIS 1 -5 interval.
OCEANOGRAPHIC SETTINGS
The seasonally reversing monsoon wind plays an important role in forming the hydrographic features and patterns in surface circulation in the SCS. The East Asian monsoon wind in the SCS is southwesterly in summer and northeasterly in winter. Core MD012394, taken from the continental slope off the Vietnam margin (13°47.54'N, 110°15.56'E; water depth 2097 m) is located in a monsoonaffected surface condition region of the SCS. From June to September, warm pool surface water of tropical Indian Ocean origin flows northward into the SCS and then forms an anticyclonic gyre mainly in the southern basin. When strong summer monsoon winds prevail parallel to the coastline, offshore Ekman transport induces a strong upwelling of cold, nutrient-rich waters off the Vietnam coast (Shaw et al. 1996) . Due to the effect of coastal upwelling, the cold tongue is a prominent oceanic feature of monsoon-driven upwelling in the western SCS (Fig. 1) . The upwelling process maintains a summer SST of < 28°C off the Vietnam margin, which is slightly lower than that in the entire SCS. The thermocline depth off the Vietnam margin is shallower than 30 m in peak summer seasons (WOA 1998), with higher salinity (> 33.7 psu) indicating a subsurface upwelling (Fig. 1) . Satellite ocean color images and the model simulations (Liu et al. 2002) reveal the effects of upwelling water that is well expressed by SST low, surface chlorophyll maximum (up to 2 -3 mg m -3 ), and primary production maximum. In winter (between November and March), the northeast monsoon over the SCS drives a cyclonic gyre covering the entire basin with an intensified southward jet (the cold Chinese Coastal waters) along the coast of Vietnam (Wyrtki 1961; Shaw and Chao 1994) . The surface water mass (0 -50 m) near the Vietnam margin is characterized by a well-mixed layer with a temperature low to~26°C (Fig. 1) . The winter temperature profile shows a deepened thermocline depth (> 70 m) caused by strong mixing of surface and subsurface waters by the intensified East Asian winter monsoon. Observed from the historical hydrographic data, the subsurface structure in the western SCS during summer monsoon seasons appears to be characterized by a shallower thermocline and stronger subsurface upwelling than that during winter seasons. Therefore, the hydrographic conditions at the MD 012394 core location are influenced either by lateral advection from the upwelling center off Vietnam coast during the summer monsoon, or by mixed-layer deepening due to surface water cooling by northeasterly winds during the winter monsoon.
DATA AND METHODS
The sediments sampled and analyzed for this study are from a giant piston core, MD012394, collected during the IMAGES VII WEPAMA cruise in 2001 (Bassinot et al. 2002) and are archived in the National Core Repository and Laboratory located at the National Taiwan Ocean University. The MD012394 core location is at 13°47.54'N, 110°15.56'E with a water depth of 2097 m on the continental slope off the eastern Vietnam margin. The sediment is constituted of homogeneous grayish olive green to olive grey clay with calcareous nannofossil, foraminifer and diatom oozes. Because the core's location is above the present-day carbonate lysocline depth (~3000 m, Wang et al. 1999) , the sediments feature good preservation of planktic foraminifer shells. We sampled the core at 5 cm intervals and 1 cm widths in order to cover the last 135 kya. This resulted in a maximum resolution of~300 yrs. A total of 630 samples from the core were prepared for planktic foraminifer stable isotope analyses, and 416 samples of the last 135 kya for planktic foraminifer assemblage analyses and SST reconstructions.
Oxygen Isotope Analysis and AMS 14 C Dating
The planktic foraminifer Globigerinoides sacculifer (without a saclike final chamber) was chosen for oxygen isotope analysis because of its persistent abundant presence in all samples and because its modern habitat is in the upper photic zone (Bé and Tolderlund 1971; Hemleben et al. 1989) . We picked up 6 -8 specimens of G. sacculifer in the 250 -350 mm size fraction for the isotope analysis. The foraminifers were soaked in CH 3 OH and NaOCl in order to remove any clay and organic matter attached with the shells. The foraminifer stable isotopes were analyzed in the MICROMASS mass spectrometer in the Stable Isotope Laboratory, National Taiwan Normal University. The analytical error (1s) for ¶ 18 O is better than ±0.007‰ and ¶ 13 C is better than ±0.005‰. We report final values of the isotope data of each sample based on the average of two or three replicate measurements.
An age model for the upper sections of core MD012394 (Table 1 ; Fig. 2a ) was developed using a total of 10 accelerator mass spectrometric (AMS) radiocarbon dated (at the laboratory in Nagoya University, Japan) planktic foraminifer samples. We used mixed G. ruber and/or G. sacculifer specimens for the age dating. The 14 C ages younger than 24 kya have been calibrated to calendar year using the Radiocarbon Calibration Program REV 5.0 (Stuiver et al. 2005 ) and for older samples following the equations of Bard et al. (2004) . A 400-year correction for the Pacific reservoir age has been applied for age dating. The MD012394 core samples 350 Yu et al. (Bard et al. 2004) . 18 O record and low-latitude stack (Bassinot et al. 1994) show the presence of major orbital periodicity-100, 41, 23 ky -1
, and have a nearly in-phase pattern.
at greater depth have been dated using oxygen isotope events by visual alignment of the G. sacculifer ¶ 18 O stratigraphy to the age control points of a low-latitude stack (Bassinot et al. 1994) . Individual isotope events from MIS 3.3 to 8.4 were identified and tagged with the respective ages from Bassinot et al. (1994) . The events used and their corresponding ages are listed in Table 1 . A continuous timescale between two successive age control points was obtained by linear interpolation using the "ARAND" software of Howell (2001) .
Planktic Foraminifer Assemblages
Samples of about 50 cc each were processed using standard micropaleontological techniques ) at the Earth Environment and Climate Variability Laboratory at the National Taiwan Ocean University. The samples for the analysis of the planktic foraminifer assemblages were freeze-dried under 24 h. After being weighed, soaked in water, and washed through a > 63 mm sieve using a weak spray of water, all samples were dried in an oven under 40°C overnight. To facilitate examination and counting of the planktic foraminifer species abundances, the > 150 mm fraction was repeatedly split with the aid of a microspiltter until we had approximately 300 whole planktic foraminifer specimens per sample. The taxonomy of planktic foraminifer in this study follows the schemes in Parker (1962) , Bé (1967) , and Kipp (1976) . This taxonomic scheme is consistent with previous SCS paleoceanographic studies based on planktic foraminifer fauna records Chen and Huang 1998; Chen et al. 2003) , in which three taxonomic categories Neogloboquadrina pachyderma (right coiling), pachyderma-dutertrei intergrade (P-D intergrade), and Neogloboquadrina dutertrei were combined in one unit Neogloboquadrina dutertrei. We also combined the two similar morphotypes Globorotalia menardii and Globorotalia tumida together into one unit. A total of 25 planktic foraminifer taxa were thus identified in this study. Fauna counts were then converted to relative abundances and absolute abundances for all identified species of planktic foraminifers. We also applied a Q-mode factor analysis (Imbrie and Kipp 1971) to the MD012394 fauna percentage data to extract the fewest statistically independent end members for modeling the maximum information preserved in the data.
SST Reconstructions from Multi-Technique Approaches
In order to reconstruct the hydrographic changes associated with monsoon upwelling along the Vietnam coast over the past 135 kyr, we have applied the Revised Analog Method (RAM) (Waelbroeck et al. 1998 ). The RAM is considered to be a reliable method for reconstructing western Pacific SST based on planktic foraminifer fauna assemblages . Precise SST reconstructions from planktic foraminifer records rely on a high-quality calibration database. In this study, we adopted a western Pacific coretop database of 694 samples, which were compiled from the MARGO project Kucera et al. 2005) . MD012394 SST estimates were performed using the standard routines of the RAM. The potential biases in the calibration of the RAM techniques in the western Pacific database have been presented elsewhere . In particular, the errors associated with the use of the RAM for estimating SST have been demonstrated to be < 1°C with the application of the western Pacific coretop database ).
RESULTS

Oxygen Isotope Stratigraphy and Sedimentation Rate
The high-resolution ¶ 18 O record of the planktonic foraminifer G. sacculufer (Fig. 2b) reveals that glacial/interglacial variations of 1.5‰, in agreement with previous results (Thunell et al. 1992; Schonfeld and Kudrass 1993; Lee et al. 1999; Chen et al. 2005; Zhao et al. 2006) . The mean values (~-2.11‰) for MIS 5 and Holocene (0 -4 ka) are also consistent with previously reported data. The oxygen isotopic stratigraphy of MD012394 (Fig. 2b) indicates 4 glacial-interglacial oscillations from MIS 8 to MIS 1 from 280 kya to the present. Cross-spectral analysis was performed with the software ARAND in order to examine the variance distribution in the frequency domain and phase relationships between the MD012394 oxygen isotope curve and the low-latitude stack. The time series was first interpolated at 0.45 ky intervals and the analyses were performed on a series of 623 data points extending to 280 kya. For cross-spectral analysis, 200 lags were used, giving a bandwidth of 0.015 cycle kyr -1 . The phase spectra were calculated at the 80% confidence level and were only shown at those frequencies at which coherencies were significant. The cross-spectra (Fig. 2d) show that the MD012394 ¶ 18 O time series contains peak variance in major orbital frequency bands centered at the 100 kyr -1 (eccentricity), 41 kyr -1 (tilt), and 23 ky -1 (precession) periods, and are significantly coherent (> 0.90) with the low latitude stack. The two time series are nearly in phase at the orbital frequencies. This suggests that the MD012394 ¶ 18 O record is successfully correlated with the ¶
18
O time scale of the low latitude stack. The last appearance datum of G. ruber pink at 2014 cm occurs at Termination II (~127 ka, Thompson et al. 1979) (Fig. 2b) , strengthening the validity of the age model. The calculated sedimentation rates (Fig. 2c) based on this age model range from~30 cm kyr -1 during the last 28 kya to lower values in the order of~7 cm kyr -1 . These average sedimentation rates provide a temporal resolution of approxi-mately 130 to 910 years at a sample spacing of 5 cm. The anomalously highest sedimentation rates estimated for the top 850 cm (equal to~28 ka) of the record are most likely due to the stretching effect of the top part of the core collected through giant piston coring by the R/V Marion Dufresne (Szeremeta 2000) . Although sedimentation rates in the SCS and Sulu Sea were reportedly increased during glacial periods and decreased during interglacial stages (Chen and Huang 1998; de Garidel-Thoron et al. 2001) , our record shows more constant sedimentation rates with variations irrespective of glacial and interglacial stages. Relatively high sedimentation rates are observed in MIS 2, MIS 5.1 to 5.3, MIS 6, and MIS 7.3 to 7.5 (Fig. 2c) . The sources of sediments at this site appear to be complex. Various components including terrestrial inputs from the Vietnam shelves and slopes, suspended sediments brought by the Chinese Coastal Current, riverine input from the Pearl and Mekong, and biogenic carbonate and opal all seem to be important, resulting in sedimentation rates which are independent of glacial and interglacial changes.
Planktic Foraminifer Abundances
Large downcore variations in the relative and absolute abundances of the dominant planktic foraminifer species indicate significant variability in the environmental conditions in this region throughout the past 135 kyr. Descriptive statistics of the relative abundances of 25 species of planktic foraminifer fauna were calculated for the last 135 kyr record, which consists of 416 downcore faunal abundance data ( Table 2 ). The relative abundances of eight important species are presented here in order to examine the changes in (Bé 1977; Bé and Hutson 1977; Hemleben et al. 1989) , common in active current systems, strong upwelling with strong stratification in water columns, and/or high nutrient contents, especially concentrated in the outer margin of the subtropical gyres of the western Pacific (Pflaumann and Jian 1999) . It is considered to be a typical East Asian winter monsoon indicator in the SCS (Jian et al. 2001; Huang et al. 2002) . The highest relative abundance of N. dutertrei + N. pachyderma (right coiling) at the MD012394 core site may account for the cold water masses and strong mixing brought by the Chinese Coast Current during strong East Asian winter monsoon conditions. N. dutertrei + N. pachyderma (right coiling) are the most dominant species in core MD012394 with maximum relative abundances near 50% and a mean of 22% (Fig. 3) . In general, the lowest relative abundances for this species appear at glacial/interglacial transitions. Notable increases in the relative abundances occurred during the MIS 2, late MIS 3, early MIS 4, and middle MIS 5. The relative abundance of N. dutertrei + N. pachyderma (right coiling) correlates well with their absolute abundance. Except for the highest absolute abundances (up to 1000 n g -1 sediment) during the MIS 2, N. dutertrei + N. pachyderma (right coiling) yields the lowest flux (< 100 n g -1 sediment), covering almost all the temporal variation.
G. ruber, G. glutinata, and G. sacculifer are generally considered to be spinose and algal-bearing symbionts (Hemleben et al. 1989 ). The three species are typical tropical/subtropical species inhabiting warm, well-stratified surface water (Bé 1977; Fairbanks et al. 1982; Hemleben et al. 1989; Patrick and Thunell 1997) . In contrast to N. dutertrei, these warm-water/mixed layer species have the second highest dominant abundances in core MD012394. During the past 135 kya, these three warm-water species exhibit no clear glacial/interglacial patterns. In general, G. ruber shows larger fluctuations with a range of 10 -38%, which is greater than those of G. glutinata (3 to 23%) and G. sacculifer (1 to 23%). Larger relative abundance changes of these three species occurred during the MIS 1 to MIS 2 and during MIS 4 to MIS 5 to a lesser extent.
P. obliquiloculata is a species indicating warm water mass and/or deep thermocline conditions in the open ocean environment of the western Pacific (Chen and Prell 1997) . The abundances of this species are higher in the northern SCS (> 10%) (Pflaumann and Jian 1999) . In the SCS, P. obliquiloculata is thought to reflect conditions within the bottom of the mixed layer and/or in the uppermost part of the thermocline (Steinke and Chen 2003) . In MD012394, the relative abundances of P. obliquiloculata range from 0 to 12%, with a mean of 6%. There are two distinct minimum events during the late Holocene (~4 to 3 kyr BP) and near the LGM (~17 to 15 kyr BP) (Fig. 3) . The "Pulleniatina minimum event" (PME) has been well documented from core studies in the Ryukyu Arc region (Ujiié et al. 1991; Li et al. 1997; Ujiié and Ujiié 1999 ) and the SCS (Jian et al. 1996; Steinke and Chen 2003; Lin et al. 2006) . Previous studies have attributed the effect of diminished Kuroshio water to the PME, occurring from~4500 to 3000 yrs BP without a cooling signature (Ujiié et al. 2003) . The similar PME type of events found in SCS cores, therefore, indicate a change of more regional scale, and may suggest that hydrographic condition changes could be responsible for the event. Another PME (from~17000 to 15000 yrs BP) in our core is concurrent with the timing of the first Heinrich event, possibly suggesting a climatic/oceanic linkage between the SCS and the Northern Hemisphere high latitudes.
G. menardii (including G. tumida) occurs in subtropical to tropical water masses with a clear maximum in the relative abundances in the equatorial and tropical seas. In MD012394, this species appears in high abundance (> 20%) in both glacial and interglacial stages, such as in the middle MIS 1, MIS 2, early MIS 5, and late MIS 6 (Fig. 3) . More interestingly, G. calida also shows no clear glacial/interglacial pattern in MD012394 (Fig. 3) .
G. inflata is an indicator for transitional and subpolar water, preferring to live in the bottom of thermocline depths (Bé 1977; Hemleben et al. 1989) . High abundances of G. inflata occur in surface sediments located in weakly-stratified water columns, and strong coastal upwelling regions, i.e., the Peru Current in the southeastern Pacific (Feldberg and Mix 2002) . In MD012394, this species appears in high abundance (> 10%) in several short episodes near 11, 33, 59, and 83 kya (Fig. 3) and exhibits no clear glacial or interglacial relationship.
In this study, we calculated the absolute abundances of each dominant planktic foraminifer (Fig. 3) . Foraminifer counts were converted to absolute abundances of each identified species per dry weight sediment (g). The total absolute abundances of planktic foraminifers show a distinct maximum (~2500 n g -1 sediments) during the Termination I and a minimum (< 200 n g -1 sediments) in MIS 4. This first order pattern of the total absolute abundances may reflect carbonate preservation and terrestrial sediment dilution, which are not related to hydrographic changes in the western SCS.
Fauna Factor Analysis
Here we performed a Q-mode VARIMAX factor analysis, which has been widely used for paleoenvironmental reconstructions (Imbrie and Kipp 1971) , in order to extract any major faunal components not obvious from calculating the most abundant species. Twenty-five species were selected for Q-mode factor analysis based on their relative abundances. We found that three factors account for~95% of the total variance of the analyzed samples. The first factor explains 49% of the total variance and is entirely dominated by N. dutertrei and N. pachyderma (right coiling) (Table 3) . G. ruber, G. glutinata, and G. sacculifer characterize Factor 2 (43% of the total variance). G. inflata and P. obliquiloculata characterize Factor 3 but only explain 2% of the total variance. Although G. inflata is a minor species when considering its average abundance in the total fauna assemblages, this species' abundances show episodic oscillations that are well-above the significant level (>~10%; Fig. 3) . All of the downcore records have a communality of > 0.95, indicating that these three factors capture the major fauna variations in core MD012394.
SST Estimations
Over the last 135 kyr, the foram-based SST estimations have a range of 22 to 28°C (Fig. 4) . The SST ranges are in good agreement with previously reported values for the SCS (Steinke et al. 2001; Chen et al. 2005) . Three features of the SST records are important to note. First, we have attempted to evaluate the sensitivity of the SST estimation methods on the basis of communality and dissimilarity and/or similarity. The SST estimates indicate that the downcore samples are well explained by factor models or have good analogues in the western Pacific calibration database (Fig. 4) . Relatively low communality or the lack of a good analogue in estimating glacial (i.e., MIS 2) or low SST samples could be due to the lack of suitable analogues from temperate to subpolar regions in the western Pacific calibration database. The highest-quality estimates are in the youngest interval (0 -10 kya), indicating that the RAM yields reliable estimates of relatively high SSTs. Second, the modern observations of annual mean SST (WOA 1998) at this core site is 27.4°C. Our SST estimates of the annual mean from the coretop sample are in good agreement with modern SSTs. Third, the RAM SST estimates for the MIS 5 yield frequent, large amplitude cooling (~2 -3°C), which is more pronounced than that for the period from the LGM to the Holocene. These larger cool- Table 3 . Varimax factor scores derived from Q-mode factor analysis of the planktic foraminiferal census data in core MD012394. Planktic foraminiferal species exhibit high factor scores that are highly correlated with the first three factors. ing events during MIS 5 imply important hydrographic changes driven by regional climatic mechanisms such as monsoon or surface current in the western SCS.
Foraminifer
DISCUSSION 5.1 Planktic Foraminifer Assemblages and East Asian Summer/Winter Monsoons
Although paleoclimatic studies of East Asian summer/ winter monsoon have produced a wide range of results from terrestrial (Chinese loess and stalagmite) and marine cores (clay minerals, micro-charcoal abundances, microfossil assemblages) (Beaufort et al. 2003; Liu et al. 2003; Yuan et al. 2004; Sun et al. 2005; Yu et al. 2006) , little is known about the summer/winter monsoon signals recorded in marine microfossils, especially in planktic foraminifer assemblages. Previous SCS studies only suggest that ice-volume forcing/sea level is a primary factor in determining the strength and timing of the East Asian monsoon (Jian et al. 2001; Huang et al. 2002) . In this simple scenario, the East Asian winter monsoon prevailed in glacial stages and the summer monsoon reached maximum strength during interglacial stages.
Our new data from the MD012394 planktic foraminifer fauna record, however, suggest a more complicated scenario. The species abundances of N. dutertrei and N. pachyderma-R as indicated by Factor 1 loadings are relatively high in some broad time intervals of~22, 45, 71, and 94 kya (Fig. 5) . Moreover, the abundances of G. inflata as indicated by Factor 3 loadings are relatively high at short episodes of~11, 33, 59, 83 kya (Fig. 5) . The abundance patterns of both species exhibit no clear relationship with respect to glacial and interglacial changes. Therefore, the interpretation of simple monsoon-ice volume linkage in previous studies appears to be invalid for our observations.
In the region of the present study, mixing and subsurface upwelling are observed in both winter and summer seasons. Vertical mixing and surface chlorophyll maximums are particularly well developed in the summer (Kuo et al. 2000; Liu et al. 2002) , when summer monsoon winds prevail along the eastern Vietnamese coast and induce upwelling. Taking the modern observation as a key to the past, we suggest that the increased abundances of N. dutertrei (+N. pachyderma-R) relative to G. inflata, or vice versa, are due to the increased strength of East Asian winter or summer monsoons driven by orbital variations in the past 100 kyr. The relative abundance patterns of the foraminifer species in core MD012394 can thus be interpreted as a proxy for the mixing and/or upwelling intensity in response to winter or summer monsoon variations in the western SCS during the past 100 kyr. Our fauna and SST variations show different patterns from that reconstructed from an alkenone record from the southern SCS (Zhao et al. 2006) , probably due to more subsurface and/or upwelling influences on the fauna assemblages, and different sensitivity of SST estimation techniques based on planktic foraminifer faunas and coccolith floras.
Summer Insolation and Fauna SST in the SCS
We compared the summer insolation curves at 13°N and 65°N, the relative abundances of two upwelling species [N. dutertrei (+ N. pachyderma-R) and G. inflata] as indicated by Factor 1 and Factor 3 loadings, respectively, and the RAM SSTs of annual mean and seasonality (DSST calculated by from the difference between summer and winter SSTs) (Fig. 5) . The summer insolation changes in the past 135 kyr are mainly controlled by precession forcing, which displays~21 kyr cycles. This comparison shows that the relative abundances of N. dutertrei (+ N. pachyderma-R) reach maxima during broad time intervals of lower Northern Hemisphere summer insolation at~22, 45, 71, and 94 kya. The strength of the East Asian winter monsoon has been assumed to reach its maxima during these intervals by a "cross-hemisphere flow" mechanism . Consistent with this interpretation, we suggest that the abundances of N. dutertrei (+ N. pachyderma-R) are indicative of East Asian winter monsoon strength. In contrast, the abundances of G. inflata are increased with low annual mean SST and high seasonality during short periods of higher Northern Hemisphere summer insolation centered at~11, 33, 59, and 83 kya. The insolation patterns during these time intervals correspond to the expression of large seasonality in the SCS climate, and the condition favors the increased strength of the East Asian summer monsoon. The strong , annual SST and DSST at core MD012394 over the last 135 ky. Both factor loadings and SST estimations do not vary significantly with the glacial/interglacial periods but are clearly associated with the summer insolation curves. The faunal Factor 3 loadings and SST estimations increased during the periods of the high summer insolation (indicated by solid lines in black), which had maxima around~11, 33, 59, and 83 kya, whereas Factor 1 loadings increased during the periods of low summer-insolation peaks around~20 -25, 43 -48, 68 -73, 92 -97 kya (indicated by shadows in yellow). In particular, Factor 3 loadings increased to their maximum values during 112 -117 kya, when the summer insolation reached its minima.
summer monsoon wind is induced by a large sensible heating on the East Asian continent. Strong ascending air on the continent intensifies strong southwesterly winds from the sea into East Asia. When the strong southwesterly currents reach the eastern coast of Vietnam, active upwelling associated with cooling in regional coastal water developed during the summer and left imprints in our planktic foraminifer assemblages.
In particular, we observed that the SST decreased to very low values near~114 kya when the Northern Hemisphere summer insolation reached a minimum. The large SST decrease appears to be influenced by greater East Asian winter monsoon intensity, also through the "cross-hemisphere flow" mechanism , whereas warm/ humid vegetation and climate have been observed in the Southern Hemisphere (van der Kaars and Deckker 2002). Furthermore, high sea level conditions at this interglacial stage may also favor stronger Chinese Coastal Current flow across the Taiwan Straits, bringing cold water from the north to the SCS.
CONCLUSIONS
We analyzed a high-resolution record of planktic foraminifer fauna abundances from IMAGES core MD012394 of the past 135 kyr taken from the Vietnam margin. The fauna variations were interpreted to reflect hydrographic changes in response to East Asian summer/winter monsoons. We draw the following conclusions based on this record: 1. Our analyses of MD012394 planktic foraminifer faunal records indicate that N. duterteri + N. pachyderma-R, G. ruber, G. sacculifer, G. glutinata, and G. inflata are the dominant species and represent good water mass indicators in the monsoon upwelling regions of the western SCS; 2. The abundances of N. dutertrei and N. pachyderma-R as indicated by Factor 1 loadings were relatively high in some broad time intervals of cold periods near~22, 45, 71, and 94 kya, when Northern Hemisphere summer insolation levels were low. The fauna assemblages are primarily indicative of East Asian winter monsoon strength, which was driven by a "cross-hemisphere flow" mechanism proposed by Yu et al. (2006) ; 3. The abundances of G. inflata as indicated by Factor 3 loadings showed abruptly high values at short cooling episodes centered at~11, 33, 59, and 83 kya. The high abundances of G. inflata appear to coincide with Northern Hemisphere summer insolation maxima, which favor the development of stronger southwesterly and monsoon upwelling along the Vietnam margin. Our studies support the view that the strengths of both summer insolation and the East Asian summer monsoon have determined the relative abundance of planktic foraminifer fauna and the SSTs of the western SCS for the last 135 kyr; 4. Our record revealed that the distinctive cold events in the MIS 5 in the SCS were due to the enhancement of East Asian winter monsoon intensity. One pronounced event of abrupt cooling occurred around~114 kya, when warm/ humid vegetation and climate characterized the Southern Hemisphere, apparently driven by "cross-hemisphere flow" on a more spatial scale.
